Aims/hypothesis The Memory in Diabetes (MIND) substudy of the Action to Control Cardiovascular Risk in Diabetes (ACCORD) study, a double 2x2 factorial parallel-group randomised clinical trial, tested whether intensive compared with standard management of hyperglycaemia, BP or lipid levels reduced cognitive decline and brain atrophy in 2977 people with type 2 diabetes. We describe the results of the observational extension study, ACCORDION MIND (ClinicalTrials.gov registration no. NCT00182910), which aimed to measure the long-term effects of the three ACCORD interventions on cognitive and brain structure outcomes approximately 4 years after the trial ended. Methods Participants (mean diabetes duration 10 years; mean age 62 years at baseline) received a fourth cognitive assessment and a third brain MRI, targeted at 80 months post-randomisation. Primary outcomes were performance on the Digit Symbol Substitution Test (DSST) and total brain volume (TBV). The contrast of primary interest compared glycaemic intervention groups at the ACCORDION visit; secondary contrasts were the BP and lipid interventions. Results Of the surviving ACCORD participants eligible for ACCORDION MIND, 1328 (68%) were re-examined at the ACCORDION follow-up visit, approximately 47 months after the intensive glycaemia intervention was stopped. The significant differences in therapeutic targets for each of the three interventions (glycaemic, BP and lipid) were not sustained. We found no significant difference in 80 month mean change from baseline in DSST scores or in TBV between the glycaemic intervention groups, or the BP and lipid
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Introduction
Type 2 diabetes mellitus increases the risk of cognitive impairment and structural brain abnormalities [1] [2] [3] . Hypertension and dyslipidaemia are common comorbidities in type 2 diabetes. Evidence suggests that individuals with diabetes and elevated BP are more likely to have prevalent cognitive impairment and more brain atrophy than those with diabetes alone [4] [5] [6] [7] .
This report describes the results of ACCORDION MIND, the observational extension of the Action to Control Cardiovascular Risk in Diabetes Memory in Diabetes (ACCORD MIND) trial (ClinicalTrials.gov NCT00182910 (see the ACCORDION Follow-on Study Group members listed in the electronic supplementary material [ESM] ). The Action to Control Cardiovascular Risk in Diabetes (ACCORD) study was a double 2 × 2 factorial clinical trial (ClinicalTrials.gov NCT00000620 ) initiated to test whether intensive compared with standard management of hyperglycaemia, BP or lipid levels reduced cardiovascular events or mortality, and secondarily total mortality [8] . The Memory in Diabetes (MIND) trial was embedded in the larger trial to test whether these same interventions also reduced decline in brain function and structure over a 40 month period [9] . ACCORD targeted people with long-standing diabetes at high risk of cardiovascular events with HbA 1c levels of ≥7.5% (≥58 mmol/mol).
In ACCORD MIND, cognitive tests were administered at baseline (n = 2977), 20 months and 40 months postrandomisation. The primary cognitive outcome in MIND was 40 month performance on the Digit Symbol Substitution Test (DSST) [10] . The DSST was chosen because it is a test of psychomotor function and speed, domains believed to be reflective of vascular cognitive impairment, but it also includes aspects of learning and working memory [10] , domains also affected by diabetes. The DSST has a wide distribution of scores in the target population, avoiding ceiling or floor effects.
Brain MRI was acquired in a subset of the MIND sample at baseline (n = 614) and 40 months. The primary brain MRI outcome was total brain volume (TBV), which was chosen based on evidence that diabetes can lead to mixed vascular and neurodegenerative changes [11, 12] and changes in TBV over time [13] , and can affect the relationship between TBV and cognitive function. The secondary brain MRI outcome was abnormal white matter volume (AWM), which is indicative of diffuse and focal ischaemic, demyelinating and inflammatory processes that can lead to small vessel disease, and is associated with diabetes and impaired cognition [14, 15] .
The results of ACCORD MIND were as follows. We found no differences in mean DSST scores between the standard and intensive glycaemic groups at 40 months [14, 15] . There was a modest but significant beneficial effect on TBV at 40 months, whereby the intensive group had a higher TBV (mean 4.6 cm 3 ) than the standard group. We also found no significant differences in cognition between the treatment arms of the BP or lipid interventions [16] . Intensive BP control was associated with significantly lower TBV at 40 months follow-up. Interestingly, participants receiving the combination of intensive glycaemic and standard antihypertensive therapy experienced ∼62% less TBV loss compared with the loss in the other three treatment arms (∼−11.0 cm 3 vs −17. ; p = 0.0156). However, this effect seemed to be restricted to participants <60 years (interaction between the glycaemia intervention and baseline age; p = 005) [16] .
Previous extension studies of clinical trials in persons with diabetes have reported a sustained effect of an intervention beyond the period of exposure [17, 18] . With ACCORDION MIND we sought to determine whether there were sustained or delayed long-term effects of the ACCORD MIND intensive interventions on the primary outcomes of the DSST and TBV, and the secondary cognitive endpoints and AWV MRI endpoint at ∼80 months follow-up (or 40 months after the ACCORD MIND study end). Specifically, we sought to determine whether: (1) the mean change from baseline in cognitive function as measured by the DSST was less; and (2) the mean change from baseline in TBV was lower in the group randomised to intensive glycaemic control compared with the group randomised to standard glycaemic control. We also pursued similar analyses comparing changes in DSST and TBV, and secondary outcomes between the BP and lipid intensive and standard intervention arms, and measured possible interactions between the BP and glycaemia interventions.
Methods
Original ACCORD study design The ACCORD and ACCORD MIND studies have been described previously [8, 9] . Briefly, ACCORD was a North American randomised, multicentre, double 2 × 2 factorial trial of 10,251 middle-aged and older participants with type 2 diabetes. All participants in the main ACCORD trial were enrolled in the glycaemia trial to compare a therapeutic strategy targeted to a HbA 1c level of <6.0% (42.1 mmol/mol) (intensive therapy arm) vs a strategy that targeted HbA 1c levels of 7.0-7.9% (53.0-62.8 mmol/mol) (standard therapy arm). The BP trial included 46.2% of all participants and compared a therapeutic strategy targeting a systolic BP (SBP) of <120 mmHg (intensive therapy) to one targeting an SBP of <140 mmHg (standard therapy). Participants meeting inclusion/exclusion criteria with an SBP of 130-180 mmHg and taking no more than three antihypertensives were eligible for the BP trial. The remaining participants (53.8% of the total sample) were assigned to the lipid trial. The lipid trial compared masked administration of placebo or fenofibrate on HDL-cholesterol (HDL-C) levels in persons with HDL-C levels of <2.6 mmol/l (100 mg/dl) achieved through study-supplied simvastatin.
In February 2008, an increased mortality risk in the intensive glycaemia intervention arm was reported, leading to the termination of that arm and transition of those participants to the standard glycaemic intervention protocol [19] . In the MIND subcohort, this resulted in an average treatment period of 40 months for those in the intensive glycaemia intervention group. The lipid and BP trials continued to the planned completion date in June 2009, providing 56 months of exposure to the BP or lipid interventions. Similar to the larger ACCORD trial, in ACCORD MIND there was excellent separation between treatment groups for HbA 1c , SBP and HDL in the glucose, BP and lipid trials, respectively.
ACCORDION MIND study design
Eligibility criteria To be eligible for inclusion in the ACCORD MIND subcohort participants had to meet the following criteria at baseline: age ≥55 years; HbA 1c ≥7.5% (≥58 mmol/mol); high risk for cardiovascular events due to prevalent cardiovascular disease (CVD) or additional cardiovascular risk factors; and no clinical evidence of cognitive impairment or dementia.
Ethics All participants in ACCORD MIND and ACCORDION MIND provided informed consent, and both studies were approved by the institutional review boards of the sponsors and each clinical site was approved to collect additional cognitive and MRI outcomes beginning in June 2011. Cognitive function outcome measures Cognitive function was assessed in ACCORDION MIND using the same methodology as in ACCORD MIND as described previously [9] . The primary cognitive outcome remained the DSST score, defined as the number of correctly completed symbols in 120 seconds [10] . Secondary cognitive outcomes were: (1) the Rey Auditory Verbal Learning Test [20] , reported as the sum of the number of words (0-15) recalled during the immediate-, short-and delayed-recall trials; (2) modified Stroop ColourWord Test [21] reported as the interference score (a higher score indicates worse function); and (3) the 30-point MiniMental State Examination (MMSE) [22] administered to assess global cognitive function and to provide a metric to compare the MIND cohort with other study groups. Additionally, the Physician's Health Questionnaire [23] was administered to screen for depression, a frequent comorbidity in individuals with type 2 diabetes and a factor that also influences cognitive test performance. Participants who were unable to come into study centres for cognitive testing were offered the option of taking the validated Telephone Interview Cognitive Status (TICS) [24, 25] , an adaptation of the MMSE that is relatively well-correlated with MMSE items.
Recruitment and follow-up
Brain MRI outcome measures and acquisition The primary MRI outcome remained the TBV, and the secondary MRI outcome was AWM. The MRI acquisition and processing in ACCORDION followed the previously described protocol for the ACCORD MIND substudy [9, 26, 27] . Monthly MRI quality control procedures followed the American College of Radiology's (ACR's) MRIQC programme (www.acr. org/quality-safety/accreditation/mri, accessed 2 May 2016). The performance of the MRI scanners was consistent across study sites and throughout the duration of the study as reflected by ACR phantom measurements that always met or exceeded study thresholds.
Analytical methods
The mean and standard deviation for continuous baseline characteristics, as well as the counts and percentages for discrete baseline characteristics were compared between participants with and without an ACCORDION DSST, and with and without an MRI. To investigate whether the separation of physiological measures was maintained after the trial, we plotted the mean and 95% CI for HbA 1c , SBP, and HDL-C and triacylglycerol levels over the ACCORDION follow-up by respective intervention.
Cognitive function The primary glycaemia hypothesis in ACCORDION MIND was tested within the framework of a repeated measures analysis of covariance (ANCOVA), with an unstructured covariance matrix using Proc Mixed of SAS (SAS, Cary, NC, USA). Maximum likelihood (ML) was used to estimate fixed effects. The ML techniques accounted for the correlation of measures within individuals and the possibility that missing outcomes depended on either observed covariates or on previously observed outcomes (missing at random [MAR]) [28, 29] .
To test the primary hypotheses, we compared randomised groups on the achieved mean change from baseline at the 20 month, 40 month and 80 month cognitive assessments. Our model for change included measurements from all cognitive assessment visits, terms for the baseline value of the outcome, the glycaemia intervention, factors used to stratify randomisation (prior history of CVD, clinical centre network (CCN), allocation to BP or lipid trial, randomisation to the intensive BP group, and randomisation to the fibrate lipid group), a time factor (20 month, 40 month or 80 month visit), and the interaction between the time factor and the glycaemia effect. The hypothesis test of the glycaemia effect at the 20 month, 40 month or 80 month visits was performed using a linear contrast to compare the mean changes between randomised groups at each visit.
To investigate whether the rate of decline within intervention groups was different during ACCORD vs ACCORDION, we also estimated change-point regression models for repeated measures to allow different slopes for the ACCORD and ACCORDION periods [30] . The 40 month measure was chosen as the change-point of the slope set to be at 40 months of follow-up and a compound symmetric covariance matrix was used [30] . Finally, we investigated whether the rate of decline in the intensive glycaemia arm was the same as that in the standard glycaemia group, within each of the ACCORD and ACCORDION study periods. To do this, we added interaction terms between the intervention groups and rate of decline in the specific time period to the models.
Models to test the BP and lipid interventions were similar to those described for the glycaemia interventions. The possible interactions between the BP and glycaemia interventions was tested by adding this term into the above models.
The secondary cognitive function outcomes were analysed using repeated measures models similar to those used for the DSST. Interactions between glycaemia and either BP or lipid intervention effects on cognitive function were investigated by adding two-and three-way interaction terms between the time effect and the intervention effects to the models. Within these models, linear contrasts were used to test for interaction effects at specific time points.
Brain MRI analyses MRI measures, including TBV and secondarily, AWM, were analysed using a similar modelling approach to that used for cognitive function. As AWM was highly skewed in our data, it was log-transformed for the analysis (log (AWM + 0.1)).
Missing outcomes sensitivity analysis As we were not able to re-measure all ACCORD MIND participants in ACCORDION, the effects of missing data on the conclusions drawn in these analyses need to be understood. To gain insight into this effect we conducted three sensitivity analyses (see ESM Methods for further details).
Results

Participants
Of the 2572 (86% of baseline enrolment) surviving ACCORD MIND participants, 1962 (76%) consented to take part in the ACCORDION main study (not shown). Of these MIND participants, 1328 (68% of eligible; 52% of the baseline sample) completed the 80 month visit (Fig. 1) . Of the 544 (89% of baseline enrolment) surviving participants enrolled in the MIND-MRI portion of the study, 432 (79%) consented to the ACCORDION main study (not shown). Of these, 292 (68% of eligible and 54% of all surviving ACCORD MIND participants) had an MRI at 80 months (Fig. 2) .
On average, the cognitive tests in ACCORDION MIND were completed 47 ± 4 months (range 40-66) after the intensive glycaemia intervention was stopped, 31 ± 4 months (range 24-50) after final follow-up of the BP and lipid trials, 86 ± 8 months (range 69-116) after randomisation, and 46 ± 8 months (range 27-74) after the final ACCORD assessment at 40 months post-randomisation.
The mean age of the ACCORDION cohort at baseline was 62.1 ± 5.5 years, 43.1% were female and the mean duration of diabetes was 10.3 ± 7.0 years (Table 1) . At baseline, participants missing the ACCORDION DSST measurement were slightly more likely to be female, less likely to be white, had lower education, a higher prevalence of previous CVD, were more likely to be current smokers and almost twice as likely to be uninsured. They also had a slightly higher mean HbA 1c (8.4 ± 1.1 vs 8.2 ± 1.0; 68.3 vs 66.1 mmol/mol), and were less likely to be in the intensive glycaemic group and more likely to be in the BP trial than in the lipid trial.
The differences in characteristics between ACCORDION MIND participants with and without an MRI were very similar to those with and without complete DSST outcomes (Table 2 ). In addition, those without a follow-up MRI had longer duration of diabetes (10.1 ± 7.5 vs 9.7 ± 6.8 years). Cognitive test scores We found no significant difference between the two glycaemic intervention groups in the adjusted 80 month DSST mean change scores (Table 3) , or in the mean change scores for the MMSE, RAVLT or Stroop tests, adjusting for prior history of CVD, CCN, allocation to BP or lipid trial, randomisation to the intensive BP group, and randomisation to the fibrate lipid group. The results for the MMSE outcome, including observations with the converted TICS-41 scores, were similar to the results from the original MMSE assessments (data not shown). The addition of baseline factors predictive of missing outcomes provided results that were consistent with the results from the primary analysis (data not shown). In addition, sensitivity subgroup analyses conducted among sites with ≥70% participation at 80 months revealed similar results for all cognitive analyses (ESM Table 1 ).
MRI outcomes Although a significantly smaller decline in TBV was seen for the intensive vs standard glycaemic therapy group at 40 months (4.6 cm 3 [95% CI 2.0, 7.3]) less compared with baseline; p = 0.0006), it did not persist at 80 months (p = 0.91). The interaction between glycaemia intervention and time was significant (p = 0.02 for equality of 40-and 80 month effects). Likewise, although logAWM was significantly higher in the intensive glycaemic therapy group at 40 months (p = 0.01), this difference did not persist at 80 months (p = 0.41) (Table 4 ) and the interaction with time was not significant (p = 0.30). Additionally, at the sites with ≥70% participation at 80 months, results for all MRI analyses were similar (ESM Table 2 ).
Comparisons of ACCORD and ACCORDION rates of change Within intervention groups, there was no evidence of a different annual rate of decline in DSST between the ACCORD and ACCORDION periods (intensive glycaemia: −0.48 and −0.46 DSST units/year, respectively, p = 0.90; standard glycaemia: −0.60 and 0.40 DSST units/year, respectively, p = 0.10; see Fig. 3a ). The total decline in DSST score of ∼3.5 points in both groups over 80 months was −0.23 standard deviations from baseline. Additionally, the rates of decline were not significantly different between intensive and standard glycaemia groups within each period (ACCORD period p = 0.20; ACCORDION period p = 0.56). In contrast, we did find significant differences in the rate of TBV decline during the ACCORD and ACCORDION periods (intensive glycaemia: −3.86 and −5.34 cm 3 /year, respectively, p = 0.03; standard glycaemia: −5.24 and −4.03 cm 3 /year, respectively, p = 0.02; see Fig. 3b ). However, these changes were in the reverse direction, essentially countering the previous apparent beneficial effect on TBVof the intensive vs standard glycaemic treatment. This reversal is also captured in the significant differences in rate of TBV loss between the two groups within each period (ACCORD period significantly less decline in the intensive glycaemic group p = 0.002; ACCORDION period significantly less decline in the standard group p = 0.014). Cognitive test scores There were no significant differences in adjusted mean change in DSST scores at 80 months or for the MMSE, RAVLT or Stroop tests (ESM Table 3 There was also no significant interaction between the glycaemia and BP arms for any of the cognitive tests at any visit (ESM Table 4 ).
MRI outcomes
Despite previous results of a significantly larger decline in TBV in the intensive BP therapy vs standard BP therapy group at 40 months (−4.5 cm 3 [95% CI −7.9, −1.2]; p = 0.01) [10] , there was no significant difference in TBV decline between the groups at 80 months. TBV declined by −32.4 cm 3 in the intensive group and −34.4 cm 3 in the standard group (p = 0.29) (ESM Table 5 ). There was also no significant interaction between the glycaemic and BP arms on brain MRI measures for TBV or logAWM at 80 months (ESM Table 6 ); thus the apparent protective effect of the interaction of the intensive glycaemic treatment protocol with standard BP therapy at 40 months did not persist. Data presented are mean ± SD or n (%)
Discussion
We found no long-term effects of the intensive glycaemic, BP or lipid interventions on cognition or brain structure outcomes at 80 months follow-up in ACCORDION MIND. Most noteworthy is the lack of a sustained effect on TBV of any of the treatment arms, despite significant MRI findings at 40 months. Specifically, at 80 months of follow-up there was no longer evidence for less atrophy associated with intensive glycaemic therapy, or increased atrophy associated with intensive BP control, nor any persistence of an interactive effect for the combination of standard antihypertensive therapy plus intensive glycaemic control being associated with the least atrophy. However, the lack of any long-term effect also means the intensive treatment arms did not have long-lasting detrimental effects on cognition or TBV, despite the overall increased risk of mortality in the intensive glycaemic group that led to early ACCORD termination.
We sought to determine whether there was a long-term effect of the initial glycaemic intervention because previous studies in people with diabetes, including the UK Prospective Diabetes Study (UKPDS) and DCCT [18, 31] , had demonstrated a delayed effect of glycaemic control on microvascular outcomes. In addition, the initial ACCORD glycaemia results showed a benefit in some microvascular outcomes, including delayed onset of albuminuria, some measures of neuropathy (loss of ankle jerk and light touch) and cataract surgery (adjusted OR 0.89 [95% CI 0.80, 0.99]; p = 0.03) [32] . The ACCORDION EYE study also recently reported a delayed beneficial effect of a mean of 3.7 years of intensive glycaemic control on the progression of diabetic retinopathy during the 8-year follow-up in ACCORDION Eye (n = 1310) [33] . Diabetic retinopathy progressed in 5.8% of individuals in the intensive glycaemic treatment group vs 12.7% in the standard group (adjusted OR 0.42 [95% CI 0.28, 0.63]; p < 0.0001). Therefore, we hypothesised that we might observe a delayed beneficial effect on cognition if there were metabolic changes induced by the glycaemic intervention, and that the difference in TBV would be maintained or increased. There may be several explanations for the lack of observed long-term effects in ACCORDION. Importantly, the substantial differences in therapeutic targets of each of the three interventions (glycaemic, BP and lipid) were not sustained during ACCORDION. The provision of free medications and frequent follow-up clinic visits during the study intervention may have reinforced treatment compliance and consequently treatment arm separation. The substantial loss to follow-up at 80 months limited power to discern differences in outcomes, even if effects had been sustained. In addition, participants with the greatest risk for cognitive change and TBV decline were more likely to miss the DSST at 80 months; on average, they were less educated, of non-white race/ethnicity, and had a longer duration of diabetes, higher HbA 1c levels and more CVD, all of which are factors known to impact on the trajectory of cognitive decline [34] [35] [36] [37] . Therefore, there was a bias towards a healthier cohort. However, our missing data sensitivity analyses suggest that this bias would not substantially alter the conclusions. The lack of inclusion of a usual care glycaemic, BP and lipid control groups may have also hampered our ability to evaluate the true short-and long-term impact of intensive risk factor reduction on brain outcomes. Furthermore, we cannot generalise our findings to other groups beyond healthier people with long-term type 2 diabetes, relatively poorly controlled HbA 1c levels (mean 8.3% [67.2 mmol/mol]) and at high risk of CVD, with a mean baseline MMSE score >27.
The 10-year average duration of type 2 diabetes at trial entry may have been too long, and the negative vascular metabolic memory generated too strong for even the intensive ACCORD glycaemic intervention to reverse changes already present in the brain [38] . In comparison, the UKPDS was conducted in people with newly diagnosed type 2 diabetes, and thus with a much shorter exposure to diabetes [17] . Participants in the DCCT long-term follow-up study, EDIC (the Epidemiology of Diabetes Interventions and Complications), had type 1 diabetes and were younger (mean age 47.7 years at EDIC baseline) [18, 31] . Importantly, our results point to the need to define what constitutes a sufficient treatment time interval to provide sustained post-treatment effects given a specific diabetes duration [38] .
The strengths of ACCORDION MIND include its prospective design within a well-executed randomised clinical trial in a large type 2 diabetes population, attainment of substantial treatment endpoint separation at the end of the trial between treatment groups for the three interventions, the high degree of data capture until 40 months, and the ability to capture cognitive and anatomic brain outcomes.
Conclusion
In the ACCORDION MIND study, we found no long-term effects of intensive treatment of hyperglycaemia, BP or lipid levels on cognitive function or TBV at 80 months follow-up, approximately 4 years after the intensive glycaemia intervention was terminated, and after substantial separations in treatment targets in all three intervention groups in ACCORD MIND. These findings, in addition to the lack of significant 
